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Introduction
In recent years, graphical methods have emerged as a powerful tool for dealing with a wide variety of biological problems. For example, various graphic methods have been successfully used to study enzyme-catalyzed system [1] [2] [3] [4] [5] [6] [7] [8] [9] , base frequency distribution in the anti-sense strands [10] , protein folding kinetics [11, 12] , condon usage [13, 14] , biological sequence representation [15] , protein subcellular location [16] , HBV viral infections [17] , the fingerprint of SARS coronavirus [18] , and so on. As for an important graphic tool for biological problems, graphic representation methods of DNA sequence have recently become a useful approach to the biologists in studying the characterization and similarity analysis of DNA sequence. For example, some graphic methods in the literature [19] [20] [21] [22] have been successfully used to study the similarity comparison of DNA sequences. But some of them have their own limitation. A major limitation is that graphic representation of DNA sequence is accompanied by some loss of information associated with crossing and overlapping of the resulting curve by itself. More details about the limitation have been discussed in a review by Nandy et al. [19] . In [19] , authors took a comprehensive comparison of graphic representation methods of DNA sequence. The review gives good suggestion and plays an important role in the road ahead of developing different graphic approaches. Then, people began to take new attempt. For example, Bielinska et al. in [20] introduces a new graphic representation of the DNA sequences, which is called as 2D-dynamic graphs. The method removes most of the degeneracy from a previous model (Nandy plots) [21] and becomes a robust quantitative technique to detect regions of interest in DNA sequence. Later, in [22] Bielinska et al. perform similarity studies of DNA sequences based on descriptors derived from their 2D-dynamic graphs introduced in the previous paper [20] . They propose a set of descriptors, and draw a conclusion that different descriptors applied to the same pair of sequences lead to different similarity relations due to the high degree of complexity of DNA/RNA 74 Copyright ⓒ 2015 SERSC sequences. Recently, more novel graphic representation methods are proposed to study similarities/dissimilarities of DNA sequences [23] [24] [25] [26] [27] [28] [29] . These novel methods play an important role in analyzing DNA sequence by graphic methods.
In the past years the nucleotide triplet codons analysis has also been tried by several authors. Balaban et al. in [30] consider a novel representation of a DNA sequence representing the standard genetic code. Wang and Zhang in [31] outline a procedure giving so-called asymmetry of direct-complementary triplets (ADCT) scheme to describe a DNA sequence. Graphic representations based on nucleotide triplet codons are also used to characterize protein sequences. For instance, graphic approaches were successfully used to study graphic representation of protein sequences [32] .
In this paper, we propose a new graphic representation of the DNA sequence considering codon degeneracy. The representation considers the conversion from triplet codons to amino acids. It establishes the relation between DNA sequence and all the triplet codons. Such a representation of DNA sequence is accompanied by some loss of information because of the synonyms of codons. The tendency for similar amino acids to be represented by related codons minimizes the effects of mutations. It increases the probability that a single random base change will result in no amino acid substitution or in one involving amino acids of similar character. The proposed graphic representation method just utilizes the loss of information (the synonyms of codons) to reveal numerical characterization of DNA sequences from the views of evolution history and mutation effect. For example, we consider two hypothetical sequences shown below in which we grouped nucleic acids in triplets: (1) TTT GCT TCG CTC and (2) TTC GCT TCG CTG. There are two mutations from segment (1) to segment (2): T to C and C to G. By the approaches of comparison of DNA sequences proposed in [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , the sequence (1) and (2) are distinct each other. However, the single random base change does not result in amino acid substitution. The mutations of TTT to TTC and CTC to CTG, that is to say, have no any effect on amino acid. Considering the effect of mutations between sequences, we think the sequence (1) and (2) are uniform. Related amino acids often have related codons, minimizing the effects of mutation. As for organism, the ability to minimizing effects of mutation has importance role in keeping genetic characteristic. Here, we propose the 2D graphic representation of DNA sequences considering codon degeneracy.
2D Graphic Representation of DNA Sequences Considering Codon Degeneracy
In this paper, we construct 2D graphic representation of DNA sequences based on triplets of nucleotide bases instead of individual nucleotide bases. The consideration has the following reasons.
The sequence of a coding strand of DNA consists of triplets of nucleotide bases corresponding to the amino acid of a protein read from N-terminus to C-terminus. There are 64 codons. Each of these codons has a specific meaning in protein synthesis (61 codons represent amino acids; 3 codons cause the termination of protein synthesis). The standard genetic codes are summarized in Figure 1 , where the letter U standing for uracil in RNA is equal to the letter T denoting thymine in DNA. The number of codons (61) is more than amino acids (20) . Almost all amino acids are represented by more codons. These codons representing the same or related amino acids tend to be similar in sequence. The tendency for similar amino acids to be represented by related codons minimizes the effects of mutations. This is called as the codon degeneracy. It increases the probability that a single random base change will not result in amino acid substitution. For example, a mutation of CUC to CUG has no effect on the corresponding codon, since they code the same amino acid Leu (leucine).
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be an arbitrary DNA sequence. Then based on the standard genetic codons in Figure 1 , we define a mapping  , which mappings S into a plot set, as the following, where i denotes the i -th base of sequence S . Then based on the mapping  we can maps any DNA sequence S into a plot set. For example, the corresponding plot set of the sequence ATGGTGCACC is {(1, 1), (2, 18) , (3, 9) , (4, 20) , (5, 6), (6, 2), (7, 11) , (8, 17) }. Connection all plots of the plot set we can get a 2D curve. Here, for convenience, the curve is named as CCD-curve (CCD: Considering Codon Degeneracy). ( ,1 4 ) , In Figure 2 , we show the 2D graphic representation of the sequence. The CCD-curve has two main properties as follows. Property 1. There is no circuit from DNA sequence to CCD-curve Proof. We suppose that there exits one or more circuits in CCD-curve. Then there is at least two points overlapping each other, ( , From the 20 equations we find that every ( , ii xy ) is different from each other. Furthermore, according to the mapping  each trinucleotide has a unique one of the 20 equations correspondingly. Hence, for any one trinucleotide there is a unique coordinate correspondingly. It means that there must be only one unique CCD-curve for a given DNA sequence.
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At the same time, according to the mapping  we can find that any one point ( , ii xy ) of a CCD-curve corresponds to one or more trinucleotide because of the codon degeneracy. Hence, for a given CCD-curve there are one or more DNA sequences. These DNA sequences are thought as the same evolution characteristic when we consider the codon degeneracy.
Application

Sequence Invariants derived from the CCD-curve
In order to find some of the invariants sensitive to the form of the directed curve, we use another mathematical object, an N-dimension vector (may be also looked on as onedimension matrix), to represent a DNA sequence. The mathematical object is directly derived from the CCD-curve. The initial developments in characterizing DNA sequences using matrix methods were by Randić and Vracko [33] and Randić et al. [34] where they used 2D and 3D graphic representation of DNA sequences to generate descriptor matrices. The matrix technique can capture the essence of the base composition and distribution of the sequence in a quantitative manner which would facilitate sequence identification and comparison of similarities and dissimilarities of different sequences. Similarly, the N-dimension vector has similar function. In this paper we will use vector method to characterize DNA sequences.
We associate the CCD-curve with a characteristic vector V . The V is a 21-dimension vector, whose element i is the y -coordinate subtracted directly from the i -th vertex of CCD-curve. 
Similarity Analysis
Firstly, we discuss the graphic characterization of DNA sequences based on CCDcurve. In order to facilitate the quantitative comparison of different DNA sequences, we apply the proposed method to the complete coding sequences of the  -globin genes with an examination of similarities/dissimilarities among 11 species of Table 1 Table 1 we only list the primary DNA sequences of the complete coding sequences of part species. The results of the examination are listed in Table 2 . Observing Table 2 , we find that the distances among Human, Gorilla and Chimpanzee are the smallest ones. This shows that Human-Gorilla, Human-Chimpanzee and Gorilla-Chimpanzee are the most similar species pairs. Rather, Gallus and Opossum show strong dissimilarity among the 11 species because of the larger computing distance. In addition, the pair Rat-Mouse also show the closer computing distance. The results are similar to that reported in the literatures [23] [24] 35] . This is not accidental, but shows that these species have close evolution relationship. Then we consider another application for the evolution relationship of HA genes of some influenza A (H1N1) isolates (Table 3) 
Conclusions
In this paper, we present a 2D graphic representation of DNA sequence considering codon degeneracy. It allows visual inspection of DNA sequence and help in recognizing main similarities among different DNA sequences. This representation builds the function from DNA sequence to graphic curve. It utilizes the synonyms of codons to reveal numerical characterization of DNA sequences from the views of evolution history and mutation effect. Based on the graphic representation, we construct a 21-dimension vector. Then we use the vector to characterize and compare two sets of DNA sequences, the complete coding sequences of the  -globin genes of 11 species and the HA genes of 16 influenza A (H1N1) isolates. The results show that the proposed graphic method allows visual inspection of data based on the synonyms of codons, helping in recognizing the similarities of mutations among different DNA sequences.
